Abstract: Laser welding has been widely used in various industry fields. In order to further alter and broaden its applicability, a novel technology of laser welding under vacuum is introduced. The combination of high power laser and low ambient pressure provides an excellent welding performance and quality. In this paper, an overview on laser welding under vacuum is presented. It begins with a short introduction about the research status of laser welding under vacuum. Next, the equipment of laser welding under vacuum is introduced. Then, the fundamental phenomena of laser welding under vacuum, including penetration depth, weld geometry, plasma plume, molten pool and keyhole behaviors, are summarized in detail. Finally, the applications and prospects of laser welding under vacuum are proposed.
Introduction
Welding, a joining method by heat or pressure to make the materials reach the connection between atoms, is the most versatile and realistic joining technology in every industrial field [1, 2] . Like the arc, plasma and electron beams, a laser beam can also be used as heat source in the welding. Laser beam has been applied to welding since the first ruby laser was invented by Doctor Maiman [3] [4] [5] . In the last 20 years, laser welding has experienced rapid development. Because of the advantages of high quality, high precision, high efficiently, high performance, high flexibility, high speed, low distortion and low deformation, laser welding has been the most advanced and the best developing foreground welding method [6] [7] [8] [9] . In the field of laser beam welding, constant attempts to alter and broaden the application possibilities have been made for years. New laser beam welding methods are appearing constantly, for example, laser welding with filler wire, remote laser welding, laser scanning welding, and so on [10] [11] [12] [13] [14] [15] [16] [17] [18] . Among these new laser welding methods, laser welding under vacuum or under reduced pressure is one of the most promising methods. Although there are some different opinions about laser welding under vacuum, the exceeding expected laser welding phenomena and excellent weld quality under vacuum or reduced pressure both attract the interests of researchers.
This paper makes a short overview of laser welding under vacuum. It begins with a short introduction about the research status of laser welding under vacuum. Next, the equipment of laser welding under vacuum are introduced. Then, the fundamental phenomena of laser welding under vacuum, including penetration depth, weld geometry, plasma plume, molten pool and keyhole behaviors, are presented in details. Finally, the applications and prospects of laser welding under vacuum are proposed.
The Research Status of Laser Welding under Vacuum
Laser welding under vacuum or reduced pressure has a history of more than 30 years. As shown in Figure 1 , the first report about laser welding under vacuum or under reduced pressure dates back to the 1980s. Arata et al. [19] (Joining and Welding Research Institute, JWRI for short, at Osaka University) made the first effort to carry out the experiment of laser welding under vacuum conditions. The original intent of this research was to suppress the plasma and achieve a deep penetration in CO2 laser welding. The problem of laser induced plasma, which is the most severe problem in laser welding at atmospheric, was completely solved by laser welding under vacuum. In addition, the exceeding expected penetration depth, which was approximate 2 times the depth of laser welding at atmospheric pressure, was achieved by laser welding under vacuum. However, this new laser welding method did not attract much attention due to the inadequate development of laser welding in industrial fields at that time. JWRI at Osaka University insisted on the research about laser welding under vacuum and paid their attention to fundamental phenomena in laser welding under vacuum. In 2001, the effect of vacuum on weld penetration and porosity formation was investigated in high-power CO2 and YAG laser welding [20] . The reason for no porosity in vacuum was explained by keyhole and molten pool behaviors. In 2011, Katayama et al. [21] performed a high power disc laser welding experiment on 304 stainless steel and A5052 aluminum using a new chamber for laser welding under vacuum achieved by using rotary pumps. Sound deep single pass weld of 73 mm in penetration depth on type 304 stainless steel was obtained at a laser power of 26 kW, a welding speed of 0.3 m/min, a defocused distance of −40 mm and an ambient pressure of 0.1 kPa. The research of Katayama et al. [21] showed the penetrability of laser welding under vacuum which was similar to that of electron beam welding and the application feasibility of laser welding under vacuum on thick plate welding. Fabbro et al. (PIMM Laboratoire, Paris, France) have also been studying laser welding under vacuum or reduced pressure for many years. The research of Fabbro et al. mainly focused on the explanation of weld geometry changes and penetration improvement under vacuum conditions. In 1995, Fabbro et al. [22] observed the plasma suppression at low pressure by measuring plasma size, electron temperature and electron density. The energy deposition process inside the keyhole Fabbro et al. (PIMM Laboratoire, Paris, France) have also been studying laser welding under vacuum or reduced pressure for many years. The research of Fabbro et al. mainly focused on the explanation of weld geometry changes and penetration improvement under vacuum conditions. In 1995, Fabbro et al. [22] observed the plasma suppression at low pressure by measuring plasma size, electron temperature and electron density. The energy deposition process inside the keyhole was compared to explain the different weld seam profiles between vacuum and atmosphere. Recently, Fabbro et al. [23] made a detailed explanation of fundamental phenomena in laser welding under vacuum by theoretical analysis and numerical simulation.
Since 2000, lasers have experienced an extremely rapid development. Especially during the last 10 years, the high-power (>10 kW, up to 100 kW) and high-brightness (<15 mm mrad) solid state lasers (fiber lasers or disk lasers) emerged into market [24, 25] . Due to the availability of a new generation of high brightness multi-kilowatt solid state lasers, high-power laser beam welding became a new stimulus. However, some new problems, for example, the weld defects of sagging and spatter, the intense plasma plume and turbulent molten pool flow, are accompanied during high-power laser beam welding [26] [27] [28] . That means that the application of high power single pass laser welding encounters a bottleneck. Under such a background, the method of laser welding under vacuum or reduced pressure has been enjoying a renaissance.
In 2010, the Welding and Joining Institute (ISF) of RWTH Aachen University started research work of laser welding under vacuum using a 600 W single-mode fiber laser and a 12 kW multimode fiber laser [29] . The weld formations of both thick plate and thin plate were compared between laser welding under vacuum and electron beam welding. Based on the impressive results of the preliminary study, ISF of RWTH Aachen University built up a welding equipment for laser welding under vacuum on cooperation with PTR Strahltechnik GmbH A large number of process exploration tests of laser welding under vacuum were carried out on this new laser welding equipment [30] [31] [32] . The results of process tests showed that laser welding had a strong penetrating ability and a good adaptability for materials. Various materials, for example unalloyed steel, high alloyed steel, nickel-base alloy, titanium alloy and even copper alloy, were welded and achieved a deep and sound weld. In terms of the research results of laser welding under vacuum, ISF of RWTH Aachen University actively promoted this technology in the industrial field.
In 2011, Institute of Joining and Welding (ifs) at TU Braunschweig started studying laser welding under vacuum on a corporation with Trumpf Laser-und Systemtechnik GmbH and Pro-beam M [33, 34] . Instead of the beam generator, a laser beam was coupled into a vacuum chamber of a former electron beam welding machine to carry out laser welding under vacuum. The influence of ambient pressure on spattering and weld quality in laser beam welding was presented. The process characteristics of laser welding at reduced ambient pressure was studied in detail.
In recent years, more and more researchers have shown their interest in laser welding under vacuum. In 2014, the State Key Laboratory of Advanced Welding and Joining (AWJ) at Harbin institute of technology investigated the laser bead on plate welding of aluminum alloy under reduced pressure [35] . In 2017, the effect of ambient pressure on weld formations and the interaction between laser radiation and plasma plume were further investigated [36] . In 2015, Laboratory of Laser Processing at Lappeenranta University of Technology studied the influence of joint edge surface edge roughness and pre-set air gap on the weld quality and penetration depth in partial vacuum conditions laser beam welding [37] . In 2014, Shanghai Jiao Tong University investigated the plasma plume in fiber laser welding under subatmospheric pressure [38] . In 2016, the dynamic coupling between molten pool and metallic vapor ejection in fiber laser welding under subatmospheric pressure was further studied [39] . In 2015, Daimler AG in Germany carried out the welding experiments of 16MnCr5 steel and ALMg3 aluminum using X-ray analysis to investigate the keyhole behavior at the reduced ambient pressure [40] . In 2016, Lawrence Livermore National Laboratory, USA, performed the study about the effect of reduced pressure on laser keyhole weld porosity and weld geometry in pure titanium and nickel [41] .
Significant advantages of laser welding under vacuum or reduced pressure are attracting the attention of researchers and show great value of research and practical application. In the further 5-10 years, laser welding under vacuum will become a key issue in laser beam welding.
The Equipment of Laser Welding under Vacuum
In order to carry out laser welding under vacuum, the first issue is to build up a vacuum chamber for laser welding. The simplest way is to refer to the basic design of electron beam welding. Instead of an electron beam generator, a laser processing head is installed in vacuum chamber. The design of a built-in laser head has the advantage of a more flexible laser welding under vacuum machine. However, a special seal should be designed to couple optical fiber and water-cooled pipelines into vacuum chamber. With the cooperation of ISF at RWTH Aachen University and II-VI HIGHYAG, a fiber-fiber-coupler was design to develop an easy and affordable method to transfer laser power into the vacuum. The fiber-fiber-coupler open the possibility of high power laser processing with built-in laser head under vacuum [42] . Unlike electron beams, laser radiation is a matter of light. Laser beams can pass through the glass into a vacuum. Therefore, there is another structural design for laser welding under vacuum. Laser processing head is fixed outside the vacuum chamber. Only the laser beam is coupled into the vacuum chamber through glass. As shown in Figure 2 , most of the research institutions used the second design according to the current reports. JWRI at Osaka University created a transparent vacuum chamber using acrylic [43, 44] . The rotary pump was used to achieve vacuum conditions. The design of transparent vacuum chamber was beneficial to take photos with high speed camera and other optical tests. AWJ of Harbin Institute of Technology set up a 680 × 400 × 400 mm vacuum chamber. The theoretical limit vacuum level was 6.6 × 10 −4 Pa by using a rotary pump and a molecular pump simultaneously. The ifs at TU Braunschweig reformed a 1.5 m 3 vacuum chamber of former electron beam welding plant [33] . A blank flange was manufactured in which a quartz glass was located as a coupling-in window to couple laser into chamber. ISF at RWTH Aachen University established a cylinder vacuum chamber of 0.6 m 3 [31] . The vacuum chamber was equipped with two rotary vacuum pumps. This vacuum chamber had a minimum vacuum pressure of 10 −3 hPa and the ability to reach 0.1 hPa in 5 min. Besides, the vacuum chamber could realize different welding positions by turning around the longitudinal axis. of an electron beam generator, a laser processing head is installed in vacuum chamber. The design of a built-in laser head has the advantage of a more flexible laser welding under vacuum machine.
However, a special seal should be designed to couple optical fiber and water-cooled pipelines into vacuum chamber. With the cooperation of ISF at RWTH Aachen University and II-VI HIGHYAG, a fiber-fiber-coupler was design to develop an easy and affordable method to transfer laser power into the vacuum. The fiber-fiber-coupler open the possibility of high power laser processing with built-in laser head under vacuum [42] . Unlike electron beams, laser radiation is a matter of light. Laser beams can pass through the glass into a vacuum. Therefore, there is another structural design for laser welding under vacuum. Laser processing head is fixed outside the vacuum chamber.
Only the laser beam is coupled into the vacuum chamber through glass. As shown in Figure 2 , most of the research institutions used the second design according to the current reports. JWRI at Osaka University created a transparent vacuum chamber using acrylic [43, 44] . The rotary pump was used to achieve vacuum conditions. The design of transparent vacuum chamber was beneficial to take photos with high speed camera and other optical tests. AWJ of Harbin Institute of Technology set up a 680 × 400 × 400 mm vacuum chamber. The theoretical limit vacuum level was 6.6 × 10 −4 Pa by using a rotary pump and a molecular pump simultaneously. The ifs at TU Braunschweig reformed a 1.5 m 3 vacuum chamber of former electron beam welding plant [33] . A blank flange was manufactured in which a quartz glass was located as a coupling-in window to couple laser into chamber. ISF at RWTH Aachen University established a cylinder vacuum chamber of 0.6 m 3 [31] . The vacuum chamber was equipped with two rotary vacuum pumps. This vacuum chamber had a minimum vacuum pressure of 10 −3 hPa and the ability to reach 0.1 hPa in 5 min. Besides, the vacuum chamber could realize different welding positions by turning around the longitudinal axis. According to the above designs of vacuum chamber, the equipment of laser welding under vacuum basically consists of three parts: laser processing head, vacuum chamber and coupling-in window. The laser processing head should be set above the vacuum chamber. A conventional system for laser welding at atmosphere can easily fulfill the requirement. Compared with electron beam welding, laser welding under vacuum has a relatively low requirement of vacuum level. Therefore, the vacuum chamber structure of laser welding is relatively simple. Hence, the key part of the vacuum chamber is the coupling-in window for coupling the laser beam into the vacuum. A ZnSn glass were used as coupling-in window in CO 2 laser welding under vacuum. A quartz glass was used for solid laser welding under vacuum. In laser welding under vacuum, intense metal vapor ejected from keyhole and deposited on the surface of glass. That means that the stability of laser propagation and the lifetime of glass could be seriously affected. A laser head with long focusing length [31, 43, 44] (JWRI at Osaka University and ISF at RWTH Aachen University) or a special coupling-in window [32, 34] (ISF at RWTH Aachen University and ifs at TU Braunschweig) with a rather small gas flow under the glass are used to protect the coupling-in window from process emissions. Furthermore, the coupling-in glass is coated with an antireflection film and equipped with a water-cooling device for long-time welding with high power.
In the last 2-3 years, the systematic equipment of laser welding under vacuum entered the market. As shown in Figure 3 , LAVA-L95 and LASVAC PL 01 are two typical systematic equipment of laser welding under vacuum [45] [46] [47] . With the support of ISF at RWTH Aachen University, the machines were developed separately by FOCUS Gmbh and PTR Company. In order to meet the demand for different processes or products, a unit assembly system is designed. That means the different laser sources and optics can be chosen in the equipment of laser welding under vacuum.
According to the above designs of vacuum chamber, the equipment of laser welding under vacuum basically consists of three parts: laser processing head, vacuum chamber and coupling-in window. The laser processing head should be set above the vacuum chamber. A conventional system for laser welding at atmosphere can easily fulfill the requirement. Compared with electron beam welding, laser welding under vacuum has a relatively low requirement of vacuum level. Therefore, the vacuum chamber structure of laser welding is relatively simple. Hence, the key part of the vacuum chamber is the coupling-in window for coupling the laser beam into the vacuum. A ZnSn glass were used as coupling-in window in CO2 laser welding under vacuum. A quartz glass was used for solid laser welding under vacuum. In laser welding under vacuum, intense metal vapor ejected from keyhole and deposited on the surface of glass. That means that the stability of laser propagation and the lifetime of glass could be seriously affected. A laser head with long focusing length [31, 43, 44] (JWRI at Osaka University and ISF at RWTH Aachen University) or a special coupling-in window [32, 34] (ISF at RWTH Aachen University and ifs at TU Braunschweig) with a rather small gas flow under the glass are used to protect the coupling-in window from process emissions. Furthermore, the coupling-in glass is coated with an antireflection film and equipped with a water-cooling device for long-time welding with high power.
In the last 2-3 years, the systematic equipment of laser welding under vacuum entered the market. As shown in Figure 3 , LAVA-L95 and LASVAC PL 01 are two typical systematic equipment of laser welding under vacuum [45] [46] [47] . With the support of ISF at RWTH Aachen University, the machines were developed separately by FOCUS Gmbh and PTR Company. In order to meet the demand for different processes or products, a unit assembly system is designed. That means the different laser sources and optics can be chosen in the equipment of laser welding under vacuum. 
Fundamental Phenomena during Laser Welding under Vacuum

The Influence of Ambient Pressure on Penetration Depth and Weld Geometry
The increase in penetration depth and change in weld geometry are the most obvious achievements brought by the reduction of ambient pressure. According to the present experiment results [31, 33, 36, 38, 44] , the penetration depth increases with the decrease of the ambient pressure. Based on the effect of ambient pressure on penetration depth, there exists a critical threshold of ambient pressure. That means the penetration no longer increases, and sometimes probably decreases when the ambient pressure is lower than the critical threshold. Because of the different machines and different experimental conditions, the critical pressures are not consistent. The previous results [31, 33, 36, 38, 44] showed that the critical pressure was in the range of 0.1 kPa to 10 kPa. Abe et al. [44] carried out the bead-on-plate welding of type 304 stainless steel plates and A5052 aluminum alloy 
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The Influence of Ambient Pressure on Penetration Depth and Weld Geometry
The increase in penetration depth and change in weld geometry are the most obvious achievements brought by the reduction of ambient pressure. According to the present experiment results [31, 33, 36, 38, 44] , the penetration depth increases with the decrease of the ambient pressure. Based on the effect of ambient pressure on penetration depth, there exists a critical threshold of ambient pressure. That means the penetration no longer increases, and sometimes probably decreases when the ambient pressure is lower than the critical threshold. Because of the different machines and different experimental conditions, the critical pressures are not consistent. The previous results [31, 33, 36, 38, 44] showed that the critical pressure was in the range of 0.1 kPa to 10 kPa. Abe et al. [44] carried out the bead-on-plate welding of type 304 stainless steel plates and A5052 aluminum alloy with a 16 kW laser power at a welding speed of 1 m/min under reduced pressure. The results showed that the critical pressure was about 10 kPa and the penetration depth of both type 304 stainless steel plates and A5052 aluminum alloy at 10 kPa is nearly twice as deep as that at 101 kPa. The results of Abe et al. [44] also revealed that the weld width decreased with the decreasing ambient pressure. The increase in penetration depth and the decrease in weld width led to a large difference in aspect ratio (penetration depth/weld width). That meant that the weld geometry between under vacuum and atmosphere were totally different. In comparison with conventional laser welding at atmospheric pressure, a deep and parallel weld, which is similar to electron beam welding, is achieved during laser welding under vacuum.
The results of ISF at RWTH Aachen university also proved the strong penetrating ability of laser welding under vacuum [31, 48] . The cross section profiles of laser welding at atmosphere, laser welding under vacuum and electron beam welding are shown in Figure 4 . With the same heat input, the penetration depth of both laser welding under vacuum and electron beam welding is about 50 mm. However, the pressure used in electron beam welding is two orders of magnitude lower than in laser welding under vacuum. The strong penetrating ability under low vacuum is the unique advantage of laser welding under vacuum.
Appl. Sci. 2017, 7, 909 6 of 17 with a 16 kW laser power at a welding speed of 1 m/min under reduced pressure. The results showed that the critical pressure was about 10 kPa and the penetration depth of both type 304 stainless steel plates and A5052 aluminum alloy at 10 kPa is nearly twice as deep as that at 101 kPa. The results of Abe et al. [44] also revealed that the weld width decreased with the decreasing ambient pressure. The increase in penetration depth and the decrease in weld width led to a large difference in aspect ratio (penetration depth/weld width). That meant that the weld geometry between under vacuum and atmosphere were totally different. In comparison with conventional laser welding at atmospheric pressure, a deep and parallel weld, which is similar to electron beam welding, is achieved during laser welding under vacuum. The results of ISF at RWTH Aachen university also proved the strong penetrating ability of laser welding under vacuum [31, 48] . The cross section profiles of laser welding at atmosphere, laser welding under vacuum and electron beam welding are shown in Figure 4 . With the same heat input, the penetration depth of both laser welding under vacuum and electron beam welding is about 50 mm. However, the pressure used in electron beam welding is two orders of magnitude lower than in laser welding under vacuum. The strong penetrating ability under low vacuum is the unique advantage of laser welding under vacuum. The ambient pressure, welding speed and defocused distance are the main parameters that control the weld appearance and penetration depth during laser welding under vacuum. It was found that, under vacuum condition, the increase of penetration depth was quite different at various welding speed [33, 49] . As shown in Figure 5 ( Figure 6 of "Influence of ambient pressure on spattering and weld seam quality in laser beam welding with the solid-state laser" reproduced with permission from Proceedings of the International Congress on Applications of Lasers and Electro-optics, October 2011), a remarkable increase of penetration depth occurs at low to medium speeds (up to approx. 3.0 m/min), it is true that there is a limit in the ambient pressure for improving penetration depth. Besides the lower the welding speed is, the more obvious the effect of ambient pressure on penetration depth is. When the welding speed is over 4 m/min, the ambient pressure has almost no The ambient pressure, welding speed and defocused distance are the main parameters that control the weld appearance and penetration depth during laser welding under vacuum. It was found that, under vacuum condition, the increase of penetration depth was quite different at various welding speed [33, 49] . As shown in Figure 5 ( Figure 6 of "Influence of ambient pressure on spattering and weld seam quality in laser beam welding with the solid-state laser" reproduced with permission from Proceedings of the International Congress on Applications of Lasers and Electro-optics, October 2011), a remarkable increase of penetration depth occurs at low to medium speeds (up to approx. 3.0 m/min), it is true that there is a limit in the ambient pressure for improving penetration depth. Besides the lower the welding speed is, the more obvious the effect of ambient pressure on penetration depth is. When the welding speed is over 4 m/min, the ambient pressure has almost no impact on the penetration depth. The laser focus position carries with the most concentrated laser energy. The focus position (above the workpiece or below the workpiece) has an influence on the laser energy transfer along the keyhole. In the case of laser welding under vacuum, the laser energy disposition along the extreme deep keyhole has a distinct difference compared with the conventional laser welding. The keyhole depth under vacuum is much deeper than that at atmosphere. Therefore, the defocused distance is an important parameter to control the weld appearance and penetration depth under vacuum. In addition, the oscillating laser beam has been introduced into laser welding under vacuum. This has proved that the oscillation of laser beam affected the weld seam geometry, spattering behavior and weld meatal ajections [50] .
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The Influence of Ambient Pressure on Plasma Plume
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It was known that the welding vapor plasma exerted a negative "shielding effect" in high-power CO 2 laser welding. The strong inverse bremsstrahlung (I.B.) effect decreases the penetration depth and even stops the CO 2 laser welding process due to the optical breakdown [51, 52] . The vapor plasma exerts a different state between CO 2 laser welding and solid laser welding. Due to the presence of a large number of non-ionized metal particles, the vapor plasma is called "metal vapor plume" in solid laser welding [53] . However, the plasma plume still causes some disturbances by Rayleigh or Mie scattering in solid laser welding [54] [55] [56] . The previous studies [19, 33, 44] showed that no matter whether CO 2 laser welding or solid laser welding was used, the reduction of ambient pressure had a significant effect on plasma plume behavior. As shown in Figure 6 an extremely intensive and very bright plasma plume was exerted above the workpiece in high power laser welding at atmospheric pressure (101 kPa). The lower part plasma plume adjoined directly the keyhole has much higher brightness than the other part. Besides, a large number of spatters were observed around the plasma plume. The reduction of ambient caused an obvious change in plasma plume. When the ambient pressure reduced to 50 kPa, the change of plasma plume was already visible. Both the intensive luminescence and the volume of plasma plume decreased. At the reduced ambient pressure of 10 kPa, the intense illuminant plasma plume and obvious spattering disappeared. There was only a small brightness and volume of plasma plume above the keyhole. When the ambient pressure decreased at 0.1 kPa, the plasma plume was completely suppressed and invisible. The different materials and the welding parameters led the difference in critical ambient pressure of plasma plume disappearance.
The enormous difference in the luminescence and the volume of plasma plume guide the research of the interaction between laser radiation and plasma plume under different ambient pressures. As shown in Figure 7 , a probe laser, which horizontally passed through the plasma plume, was usually used to study the interaction between laser radiation and plasma plume [54, 56] . As shown in Figure 8 , the spot behaviors of a probe laser beam passing through the plasma plume under various ambient pressures are presented [36] . The results showed that the interaction between laser radiation and plasma plume was minimal at low ambient pressures. Therefore, the laser process was more stable under vacuum. In addition, the extinction of fiber laser radiation decreased with decreasing ambient pressure [38] . Although the interaction between laser radiation and plasma plume under different ambient pressures has been discussed, the essential influence of ambient pressure on plasma plume has not been presented in detail. On the one hand, the illuminant change of plasma plume means that the ambient pressure has a significant effect on the ionization state and formation condition of the plasma plume. On the other hand, the ambient pressure has a direct relation with the stress state of metal vapor behavior. This may lead to a different laser welding process. significant effect on plasma plume behavior. As shown in Figure 6 an extremely intensive and very bright plasma plume was exerted above the workpiece in high power laser welding at atmospheric pressure (101 kPa). The lower part plasma plume adjoined directly the keyhole has much higher brightness than the other part. Besides, a large number of spatters were observed around the plasma plume. The reduction of ambient caused an obvious change in plasma plume. When the ambient pressure reduced to 50 kPa, the change of plasma plume was already visible. Both the intensive luminescence and the volume of plasma plume decreased. At the reduced ambient pressure of 10 kPa, the intense illuminant plasma plume and obvious spattering disappeared. There was only a small brightness and volume of plasma plume above the keyhole. When the ambient pressure decreased at 0.1 kPa, the plasma plume was completely suppressed and invisible. The different materials and the welding parameters led the difference in critical ambient pressure of plasma plume disappearance. The enormous difference in the luminescence and the volume of plasma plume guide the research of the interaction between laser radiation and plasma plume under different ambient pressures. As shown in Figure 7 , a probe laser, which horizontally passed through the plasma plume, was usually used to study the interaction between laser radiation and plasma plume [54, 56] . As shown in Figure 8 , the spot behaviors of a probe laser beam passing through the plasma plume under various ambient pressures are presented [36] . The results showed that the interaction between laser radiation and plasma plume was minimal at low ambient pressures. Therefore, the laser process was more stable under vacuum. In addition, the extinction of fiber laser radiation decreased with decreasing ambient pressure [38] . Although the interaction between laser radiation and plasma plume under different ambient pressures has been discussed, the essential influence of ambient pressure on plasma plume has not been presented in detail. On the one hand, the illuminant change of plasma plume means that the ambient pressure has a significant effect on the ionization state and formation condition of the plasma plume. On the other hand, the ambient pressure has a direct relation with the stress state of metal vapor behavior. This may lead to a different laser welding process. 
The Influence of Ambient Pressure on Molten Pool and Keyhole Behaviors
During laser welding, the molten pool and keyhole behaviors have a close relationship with weld quality and defect formation. Due to the specialty of molten pool and keyhole behaviors, it is difficult to understand and investigate the molten pool and keyhole behaviors. Therefore, the advanced imaging technology and numerical simulation are the main methods to study the molten pool and keyhole behaviors. Both methods are used to explore the effect of ambient pressure on the molten pool and keyhole behaviors. The surface molten pool and keyhole inlet of SUS 304 stainless steel under different ambient pressures were observed by Youhei et al. [44] . As shown in Figure 9 , the surface molten pool and the keyhole inlet changed following the ambient pressure decreasing. The average diameter of keyholes decreased, the surface molten pool became narrower and more stable under vacuum conditions. Moreover, there were quite different liquid flows between atmospheric pressure and vacuum. Katayama et al. [20] presented the liquid flow in the molten pool at various ambient pressures using the micro focused X-ray real-time observation. Based on the results of Katayama et al. [20] , there were two main differences in liquid flow between atmosphere and vacuum. On the one hand, the liquid flowed downward along the rear keyhole at atmospheric pressure. While the liquid flowed upwards along the rear keyhole wall under vacuum. That means the liquid flow along the rear keyhole is opposite. On the other hand, there was a molten flow along the bottom molten pool at atmospheric pressure, while there was no such strong flow near the bottom under vacuum. The differences in molten pool flow had a direct relationship with the porosity formation. In addition, the keyhole shapes at different pressures were observed directly by 
During laser welding, the molten pool and keyhole behaviors have a close relationship with weld quality and defect formation. Due to the specialty of molten pool and keyhole behaviors, it is difficult to understand and investigate the molten pool and keyhole behaviors. Therefore, the advanced imaging technology and numerical simulation are the main methods to study the molten pool and keyhole behaviors. Both methods are used to explore the effect of ambient pressure on the molten pool and keyhole behaviors. The surface molten pool and keyhole inlet of SUS 304 stainless steel under different ambient pressures were observed by Youhei et al. [44] . As shown in Figure 9 , the surface molten pool and the keyhole inlet changed following the ambient pressure decreasing. The average diameter of keyholes decreased, the surface molten pool became narrower and more stable under vacuum conditions. Moreover, there were quite different liquid flows between atmospheric pressure and vacuum. Katayama et al. [20] presented the liquid flow in the molten pool at various ambient pressures using the micro focused X-ray real-time observation. Based on the results of Katayama et al. [20] , there were two main differences in liquid flow between atmosphere and vacuum. On the one hand, the liquid flowed downward along the rear keyhole at atmospheric pressure. While the liquid flowed upwards along the rear keyhole wall under vacuum. That means the liquid flow along the rear keyhole is opposite. On the other hand, there was a molten flow along the bottom molten pool at atmospheric pressure, while there was no such strong flow near the bottom under vacuum. The differences in molten pool flow had a direct relationship with the porosity formation. In addition, the keyhole shapes at different pressures were observed directly by Engelhardt et al. [40] . Figure 10 Pang et al. [23, 57, 58] investigated the physical phenomenon of laser welding under vacuum by numerical simulation. Based on the 3D transient multiphase model of laser welding, an improved model of recoil pressure for laser welding under any ambient pressure was proposed. The comparison of the predicted keyhole wall temperature and the predicted velocity distribution of metallic vapor under atmosphere and vacuum are presented. The results show that the average keyhole wall temperature became lower and the predicted speed of metallic vapor increased under vacuum. Based on the previous results of numerical simulation, Fabbro et al. [23] presented that the penetration depth improvement in laser welding under vacuum mainly resulted from the reduction of evaporation temperature. Less power per unit depth of keyhole is necessary due to the reduction of evaporation temperature, resulting in a deeper keyhole with the same incident laser power. The saturation of the penetration depth below some critical pressure is related to the recoil pressure. In addition, the recoil pressure and welding speed are positively related. At high welding speed, the recoil pressure is higher. Moreover, it is much higher than ambient pressure. Therefore, the reduction of ambient pressure cannot change the evaporation pressure inside the keyhole. This is the reason that at high welding speeds there is no improvement in penetration depths while at low welding speed, the reduction of ambient pressure will modify the evaporation pressure inside the keyhole due to relatively low recoil pressure. The low evaporation pressure results in the improvement in penetration depths under vacuum.
Applications of Laser Welding under Vacuum
As an emerging welding technology, laser welding under vacuum has received much attention in recent years. The reports of laser welding under vacuum mainly focused on the effect of ambient pressure on laser welding phenomena. Laser welding under vacuum is still at the beginning stages of application. Based on the advantages of laser welding under vacuum, the applications of this competitive technology are expected. The main application attempt was on the mass production of drive section components with radial and/or axial weld seams [47, 59, 60] . Within the framework of a cooperation of PTR Company and RWTH Aachen University, a cycle machine for welding with laser beam under vacuum was implemented. The planet wheel carrier and gear wheel were fabricated by the cycle machine for laser welding under vacuum. As shown in Figure 11 , the plate wheel carriers consist of a planet wheel carrier with axle arm and a coronoid bole carrier. The welding zone is triangular and the maximally required penetration depth is 25 mm. A sound welded joint without oxides and spatters was fabricated using a laser power of 7.5 kW, a welding speed of 0.42 m/min, a focus position of −5 mm and an ambient pressure of 2 kPa. At the same time, Pro-beam, TRUMPF and the ifs at TU Braunschweig are also adapting the process for the low-pressure, spatter-free laser welding of powertrain components into industrial application [61, 62] . The powertrain components requiring weld penetration depths of between three and six millimeters and a high feed rate were manufactured. Because of stable process without spatter, high weld quality and proper penetration depth, laser welding under vacuum is very suitable for the fabrication of powertrain components.
Pang et al. [23, 57, 58] investigated the physical phenomenon of laser welding under vacuum by numerical simulation. Based on the 3D transient multiphase model of laser welding, an improved model of recoil pressure for laser welding under any ambient pressure was proposed. The comparison of the predicted keyhole wall temperature and the predicted velocity distribution of metallic vapor under atmosphere and vacuum are presented. The results show that the average keyhole wall temperature became lower and the predicted speed of metallic vapor increased under vacuum. Based on the previous results of numerical simulation, Fabbro et al. [23] presented that the penetration depth improvement in laser welding under vacuum mainly resulted from the reduction of evaporation temperature. Less power per unit depth of keyhole is necessary due to the reduction of evaporation temperature, resulting in a deeper keyhole with the same incident laser power. The saturation of the penetration depth below some critical pressure is related to the recoil pressure. In addition, the recoil pressure and welding speed are positively related. At high welding speed, the recoil pressure is higher. Moreover, it is much higher than ambient pressure. Therefore, the reduction of ambient pressure cannot change the evaporation pressure inside the keyhole. This is the reason that at high welding speeds there is no improvement in penetration depths while at low welding speed, the reduction of ambient pressure will modify the evaporation pressure inside the keyhole due to relatively low recoil pressure. The low evaporation pressure results in the improvement in penetration depths under vacuum.
As an emerging welding technology, laser welding under vacuum has received much attention in recent years. The reports of laser welding under vacuum mainly focused on the effect of ambient pressure on laser welding phenomena. Laser welding under vacuum is still at the beginning stages of application. Based on the advantages of laser welding under vacuum, the applications of this competitive technology are expected. The main application attempt was on the mass production of drive section components with radial and/or axial weld seams [47, 59, 60] . Within the framework of a cooperation of PTR Company and RWTH Aachen University, a cycle machine for welding with laser beam under vacuum was implemented. The planet wheel carrier and gear wheel were fabricated by the cycle machine for laser welding under vacuum. As shown in Figure 11 , the plate wheel carriers consist of a planet wheel carrier with axle arm and a coronoid bole carrier. The welding zone is triangular and the maximally required penetration depth is 25 mm. A sound welded joint without oxides and spatters was fabricated using a laser power of 7.5 kW, a welding speed of 0.42 m/min, a focus position of −5 mm and an ambient pressure of 2 kPa. At the same time, Pro-beam, TRUMPF and the ifs at TU Braunschweig are also adapting the process for the low-pressure, spatter-free laser welding of powertrain components into industrial application [61, 62] . The powertrain components requiring weld penetration depths of between three and six millimeters and a high feed rate were manufactured. Because of stable process without spatter, high weld quality and proper penetration depth, laser welding under vacuum is very suitable for the fabrication of powertrain components. Laser welding has been widely used in various productions. However, laser welding is mainly used in the sheet structure with small thickness. With the advent of new high power solid lasers, the use of solid-state laser in deep penetration welding has been constantly explored. The exceeding expected phenomena of laser welding under vacuum make it very suitable for thick plate applications where low welding speeds can be applied to achieve very high penetration depth and for welding tasks with the highest demands on the weld quality. Some various materials, such us copper alloys, structural steels, duplex stainless steels, nickel-based alloys, titanium alloys and so on, have been welded by ISF at RWTH Aachen University [30] [31] [32] 46] . As shown in Figure 12 , the plate thickness of 50 mm for unalloyed steel S690QL was achieved by single pass laser welding under vacuum at a laser power of 16 kW, a welding speed of 0.5 m/min, a focus position of −5 mm and an ambient pressure of 10 Pa. The full penetration weld joint of 38 mm nickel-base alloy without was fabricated at a laser power of 16 kW, a welding speed of 0.4 m/min, a focus position of 0 mm and an ambient pressure of 10 Pa. As shown in Figure 12 , both the weld joints presented a sound weld with super deep penetration depth. It is clear that laser welding under vacuum has the developing prospect of welding heavy section components under low vacuum. As we know, electron beam welding is thought to be suitable for single pass weld of thick plate [29, 63] . In this regard, laser welding under vacuum is able to challenge the electron beam welding in terms of the weld quality and penetration depth. In addition, laser welding under vacuum has the following advantages: relatively low vacuum level, lack of X-ray radiation protection and possible arising of nonmetallic [29, 64] . Laser welding has been widely used in various productions. However, laser welding is mainly used in the sheet structure with small thickness. With the advent of new high power solid lasers, the use of solid-state laser in deep penetration welding has been constantly explored. The exceeding expected phenomena of laser welding under vacuum make it very suitable for thick plate applications where low welding speeds can be applied to achieve very high penetration depth and for welding tasks with the highest demands on the weld quality. Some various materials, such us copper alloys, structural steels, duplex stainless steels, nickel-based alloys, titanium alloys and so on, have been welded by ISF at RWTH Aachen University [30] [31] [32] 46] . As shown in Figure 12 , the plate thickness of 50 mm for unalloyed steel S690QL was achieved by single pass laser welding under vacuum at a laser power of 16 kW, a welding speed of 0.5 m/min, a focus position of −5 mm and an ambient pressure of 10 Pa. The full penetration weld joint of 38 mm nickel-base alloy without was fabricated at a laser power of 16 kW, a welding speed of 0.4 m/min, a focus position of 0 mm and an ambient pressure of 10 Pa. As shown in Figure 12 , both the weld joints presented a sound weld with super deep penetration depth. It is clear that laser welding under vacuum has the developing prospect of welding heavy section components under low vacuum. As we know, electron beam welding is thought to be suitable for single pass weld of thick plate [29, 63] . In this regard, laser welding under vacuum is able to challenge the electron beam welding in terms of the weld quality and penetration depth. In addition, laser welding under vacuum has the following advantages: relatively low vacuum level, lack of X-ray radiation protection and possible arising of nonmetallic [29, 64] . 
Prospects of Laser Welding under Vacuum
With the reference to the previous researches of laser welding under vacuum, the main advantages of laser welding under vacuum or reduced pressure are as follows [45,47, Despite the advantages of laser welding under vacuum above, the vacuum chamber causes laser welding loose the most important advantage: flexibility. In addition, the dimensions of the welded part were restricted by the dimensions of the vacuum chamber. A larger vacuum chamber means higher cost and associated pumping time [65] . A lot of trails were carried out to make the electron beam welding release the limitation of vacuum chamber. Rolls-Royce and TWI worked on a local vacuum, or "out of chamber" to expand the application of electron beam welding in thick section components [66] . However, the electron beam interaction with low pressure gases is the difficult 
With the reference to the previous researches of laser welding under vacuum, the main advantages of laser welding under vacuum or reduced pressure are as follows [45,47, Despite the advantages of laser welding under vacuum above, the vacuum chamber causes laser welding loose the most important advantage: flexibility. In addition, the dimensions of the welded part were restricted by the dimensions of the vacuum chamber. A larger vacuum chamber means higher cost and associated pumping time [65] . A lot of trails were carried out to make the electron beam welding release the limitation of vacuum chamber. Rolls-Royce and TWI worked on a local vacuum, or "out of chamber" to expand the application of electron beam welding in thick section components [66] . However, the electron beam interaction with low pressure gases is the difficult point in the application of electron beam welding under local vacuum. However, the interaction of the laser with ambient gases is negligible. In addition, the relatively low vacuum can achieve an obvious increase in penetration depth. Therefore, laser welding under local vacuum or mobile vacuum has a more practical application value. ISF RWTH-Aachen and BAM, Germany has conducted some attempts in laser welding under mobile vacuum [66] [67] [68] . As shown in Figure 13 , a vacuum cap, which provides a local reduced ambient pressure of about 20 kPa above the welding area, was presented by BAM. The reduced pressure in the vacuum cap generate 50% higher penetration depth in comparison to welding under ambient pressure conditions. Due to the restriction of this movable seal, the vacuum level is very low and the penetration depth has no significant increase. The laser welding under vacuum can be combined with local vacuum electron beam welding to accumulate the disadvantages of those two processes. Hence, a local vacuum seal with a laser, instead of the electron beam generator may be a promising technique in the future. point in the application of electron beam welding under local vacuum. However, the interaction of the laser with ambient gases is negligible. In addition, the relatively low vacuum can achieve an obvious increase in penetration depth. Therefore, laser welding under local vacuum or mobile vacuum has a more practical application value. ISF RWTH-Aachen and BAM, Germany has conducted some attempts in laser welding under mobile vacuum [66] [67] [68] . As shown in Figure 13 , a vacuum cap, which provides a local reduced ambient pressure of about 20 kPa above the welding area, was presented by BAM. The reduced pressure in the vacuum cap generate 50% higher penetration depth in comparison to welding under ambient pressure conditions. Due to the restriction of this movable seal, the vacuum level is very low and the penetration depth has no significant increase. The laser welding under vacuum can be combined with local vacuum electron beam welding to accumulate the disadvantages of those two processes. Hence, a local vacuum seal with a laser, instead of the electron beam generator may be a promising technique in the future. Laser welding under vacuum not only has promising application prospects, but also provides a special physical environment to achieve a fundamental understanding of the laser welding process. Laser keyhole welding is a complex physical process involving heat flow, melting, evaporation, solidification phase changes, melt flow, and vapor flow. Most physical phenomena in laser keyhole welding have not been fully understood due to the complexity of laser welding. The phenomena of laser welding are completely different at the same welding parameter except for ambient pressure. By comparing the differences between atmosphere and vacuum and analyzing the influences of ambient pressure, the essences of laser welding can be more deeply understood. For example, the interaction of laser radiation and plasma plume is a focused issue in high power laser welding. Under vacuum conditions, the plasma plume was suppressed completely. By studying the effect of ambient pressure on the plasma plume, we could get a better understanding of the interaction of laser radiation and plasma plume.
There is no such thing as a perfect technology. The laser welding under vacuum is no exception. There are also some challenges in laser welding under vacuum. As is stated above, the coupling-in window for coupling laser beam into vacuum is the key part of vacuum chamber for laser welding. The lifetime of coupling-in window determines the stability of the equipment of laser welding under vacuum. Besides, higher and higher laser power will be used in laser welding under vacuum in the future. The coupling-in window glasses should have a higher maximum limiting power. As we know, the laser processing head itself consists of optical glass. In the future, the integration of a laser processing head and coupling-in window on the vacuum chamber is probably a development trend of equipment of laser welding under vacuum. On the other hand, there are also many mechanisms yet to be explained in laser welding under vacuum. The research about the effect of ambient pressure on the plasma ionization and vapor ejection in plasma plume, the dynamic behavior of keyhole and molten pool, and the metallurgical behavior under vacuum will provide a good deal of insight into the fundamental processes of laser welding under vacuum. Laser welding under vacuum not only has promising application prospects, but also provides a special physical environment to achieve a fundamental understanding of the laser welding process. Laser keyhole welding is a complex physical process involving heat flow, melting, evaporation, solidification phase changes, melt flow, and vapor flow. Most physical phenomena in laser keyhole welding have not been fully understood due to the complexity of laser welding. The phenomena of laser welding are completely different at the same welding parameter except for ambient pressure. By comparing the differences between atmosphere and vacuum and analyzing the influences of ambient pressure, the essences of laser welding can be more deeply understood. For example, the interaction of laser radiation and plasma plume is a focused issue in high power laser welding. Under vacuum conditions, the plasma plume was suppressed completely. By studying the effect of ambient pressure on the plasma plume, we could get a better understanding of the interaction of laser radiation and plasma plume.
There is no such thing as a perfect technology. The laser welding under vacuum is no exception. There are also some challenges in laser welding under vacuum. As is stated above, the coupling-in window for coupling laser beam into vacuum is the key part of vacuum chamber for laser welding. The lifetime of coupling-in window determines the stability of the equipment of laser welding under vacuum. Besides, higher and higher laser power will be used in laser welding under vacuum in the future. The coupling-in window glasses should have a higher maximum limiting power. As we know, the laser processing head itself consists of optical glass. In the future, the integration of a laser processing head and coupling-in window on the vacuum chamber is probably a development trend of equipment of laser welding under vacuum. On the other hand, there are also many mechanisms yet to be explained in laser welding under vacuum. The research about the effect of ambient pressure on the plasma ionization and vapor ejection in plasma plume, the dynamic behavior of keyhole and molten pool, and the metallurgical behavior under vacuum will provide a good deal of insight into the fundamental processes of laser welding under vacuum.
Conclusions
A review of laser welding under vacuum including histories, equipment, fundamental phenomena, applications and prospects has been reported. The first test of laser welding under vacuum or under reduced pressure dates back to the 1980s. The development of high-power lasers means laser welding under vacuum is enjoying a renaissance. Compared with electron beam welding, the equipment of laser welding under vacuum is relatively simple. The coupling-in window for coupling the laser beam into a vacuum is the key part of vacuum system for laser welding. The ambient pressure has a significant influence on the phenomena of laser welding. The changes of plasma plume, keyhole and molten pool behaviors result in an excellent sound and deep welding performance. Based on the advantages of laser welding under vacuum, the application on drive section and powertrain components has been attempted in Germany. A local mobile vacuum for laser welding is expected to be a promising technology in the future. Besides, the vacuum environment is a benefit to further understanding the physical process of laser keyhole welding.
